The collecting system of the kidney develops from the ureteric bud (UB), which undergoes branching morphogenesis, a process regulated by multiple factors, including integrin-extracellular matrix interactions. The laminin (LM)-binding integrin α3β1 is crucial for this developmental program; however, the LM types and LM/integrin α3β1-dependent signaling pathways are poorly defined. We show that α3 chain-containing LMs promote normal UB branching morphogenesis and that LM-332 is a better substrate than LM-511 for stimulating integrin α3β1-dependent collecting duct cell functions. We demonstrate that integrin α3β1-mediated cell adhesion to LM-332 modulates Akt activation in the developing collecting system and that Akt activation is PI3K independent but requires decreased PTEN activity and K63-linked polyubiquitination. We identified the ubiquitin-modifying enzyme TRAF6 as an interactor with the integrin β1 subunit and regulator of integrin α3β1-dependent Akt activation. Finally, we established that the developmental defects of TRAF6and integrin α3-null mouse kidneys are similar. Thus K63-linked polyubiquitination plays a previously unrecognized role in integrin α3β1-dependent cell signaling required for UB development and may represent a novel mechanism whereby integrins regulate signaling pathways.
INTRODUCTION
The kidney develops from two distinct embryonic components: the ureteric bud (UB), which forms the multibranched collecting system, and the metanephric mesenchyme, which gives rise to the nephrons. The formation of the collecting system occurs by iterative branching morphogenesis of the UB, a process regulated by multiple factors, including integrin-dependent cell-extracellular matrix (ECM) interactions.
Laminins (LMs), trimeric proteins consisting of α, β, and γ chains, are the principal ECM components that regulate UB development. There are five α chains, four β chains, and three γ chains, which can form 15 LM trimers (Aumailley et al., 2005) . The γ1, α5, and α3 LM chains are expressed in UB-derived structures (Zent et al., 2001;  The contribution of integrin α3β1 to the development of the kidney collecting system has been investigated; however, the involvement of its LM substrates and the signaling pathways mediated by LM/α3β1 integrin interactions are poorly defined. In this study, we show that the α3 chain containing LMs is essential for normal UB branching morphogenesis. We also demonstrate that integrin α3β1 mediates renal CD cell functions by activating Akt via a mechanism that is PI3K independent but requires K63-linked polyubiquitination. Finally, we show that the ubiquitin ligase TRAF6 interacts with the integrin β1 subunit and regulates integrin-dependent Akt activation. Thus we conclude that K63-linked polyubiquitination plays a previously unrecognized role in regulating integrin α3β1-dependent cell signaling that is required for UB development.
RESULTS
The LM α3 chain is required for normal UB development
The γ1 and α5 LM chains have been shown to be required for normal UB development in vivo (Liu et al., 2009; Yang et al., 2011) ; however, the role for the α3-containing LMs is undefined. We previously showed that LM-332 is expressed in early development of the rat UB (Zent et al., 2001) . We verified that α3containing LMs are expressed in the developing mouse UB in E15 and E19 mouse kidneys by performing immunohistochemistry with antibodies directed against the LM α3 chain, found in LM-311, LM-321, and LM-332, and the LM γ2 chain that is specific for LM-332 ( Figure 1 , A-D). We subsequently defined the role of LM α3 chain in UB development by examining kidneys of LM α3-null mice, which die at birth due to a skin-blistering condition, on an undefined background, (Ryan et al., 1999) . We found that 40% of these mice (12/30) had developed one kidney when examined at birth (postnatal day 1 [P1]). This phenotype was lost as the mice were bred onto a pure C57/Bl6 background. However, examination of embryonic kidneys of LM α3-null mice on this background revealed mild hypoplasia/dysplasia of the papilla at E18 (Figure 1 , E and F), which became more evident in newborn mice (Figure 1, G and H) and is manifested by fewer but more dilated tubules in the papilla. LM α3 deletion also significantly decreased tubule proliferation in the papilla (Figure 1 , I-K), suggesting that a proliferative defect accounts in part for the abnormal phenotype. Thus α3-containing LMs appear to play a distinct role in UB development in vivo.
Deleting the integrin α3 subunit in the UB causes branching morphogenesis defects and renal papilla dysplasia/ hypoplasia and impairs Akt and p38 MAPK signaling Deletion of the β1 integrin subunit in the UB results in a severe branching morphogenesis defect in vivo (Zhang et al., 2009) , and organ culture experiments predicted that integrin α3β1 is a major contributor to UB development (Zent et al., 2001) . However, when the integrin α3 subunit was specifically deleted in the UB using the Hoxb7Cre mouse, only a mild to moderate CD defect characterized by absence or flattening of the papilla was noted (Liu et al., 2009) . Owing to this discrepant result, we used Hoxb7Cre;Itgα3 flox/ flox mice that were generated using different targeting strategies (Kobayashi et al., 2005; Sachs et al., 2006) to those published (Liu et al., 2009 ; see Materials and Methods for details). These mice had a normal lifespan despite complete deletion of the integrin α3 subunit in the UB ( Figure 2M ). The kidneys had a mild UB branching morphogenesis defect that was first evident at E15 (Figure 2, A  and B) . At E18 and P1, the papillae of kidneys from Hoxb7Cre;Itgα3 flox/flox mice were hypoplastic/dysplastic with fewer and more dilated CDs when compared with kidneys from controls Chen et al., 2004; Miner and Yurchenco, 2004) . The γ1 chain, found in 10 of the LMs, is critical for UB development, as mice lacking this chain in the UB have a severe kidney branching morphogenesis defect (Yang et al., 2011) . The LM α5 chain, found in LM-511 and LM-521, is also necessary for normal UB development, as LM α5-null mice have a mild branching morphogenesis defect (Liu et al., 2009) . The role of the α3 chain-containing LMs in UB development in vivo is less well defined, as their importance in branching morphogenesis has only been shown utilizing LM-332 inhibitory antibodies in an ex vivo organ culture model (Zent et al., 2001) .
Integrins are heterodimeric transmembrane matrix receptors consisting of αβ subunits that exhibit different ligand-binding properties. Twenty-four integrins are found in mammals, and four of them-α3β1, α6β1, α6β4, and α7β1-primarily bind to LMs. While integrins α3β1, α6β1, and α6β4 are expressed in the developing UB (Zent et al., 2001) , integrin α3β1 is the major receptor that mediates UB formation (Liu et al., 2009) . The global integrin α3-null mouse, which dies at birth, presents with an abnormal renal papilla outgrowth evident at embryonic day 18.5 (E18.5; Kreidberg et al., 1996) . Specific deletion of the integrin α3 subunit in the UB using the Hoxb7Cre/ green fluorescent protein (GFP) mouse results in adult mice with absent or dramatically flattened papillae (Liu et al., 2009 ). This abnormality was proposed to be due to alterations in expression of Wnt7b and Wnt4 in vivo (Liu et al., 2009) . Integrin α3β1-dependent phosphoinositide 3-kinase (PI3K)/Akt signaling was shown to control expression of Wnts in collecting duct (CD) cells, suggesting this signaling pathway modulates Wnts in UB development (Liu et al., 2009 ). However, the mechanism whereby integrin α3β1 regulates the Akt signaling pathway is currently unknown.
The PI3K/Akt pathway, which plays a central role in multiple biological functions, is stimulated downstream of numerous cell receptors, including growth factor receptors and integrins. Activation of this pathway is complex. PI3K phosphorylates PI(4,5)P 2 (PIP 2 ) to form PI(3,4,5)P 3 (PIP 3 ), which is required for the recruitment of Akt from the cytosol to the plasma membrane (Cantley, 2002) . The dualspecificity protein phosphatase PTEN negatively regulates this process by dephosphorylating PIP 3 to PIP 2 (Song et al., 2012) . Src-induced phosphorylation of Akt at Tyr315/Tyr326 is required to precondition Akt for membrane binding (Jiang and Qiu, 2003) . At the membrane, Akt is phosphorylated on Thr308 within its catalytic domain by phosphoinositol-dependent kinase 1 (PDK1) and at Ser473 within its C-terminal regulatory domain by mammalian target of rapamycin complex 2 (mTORC2), resulting in its full activation (Guertin and Sabatini, 2007; Bayascas, 2008) .
A less well-recognized mechanism of regulation of Akt activity is polyubiquitination. Specifically, K63-linked polyubiquitination, executed by the E3 ligase tumor necrosis factor (TNF) receptor-associated factor 6 (TRAF6), promotes Akt translocation to the membrane and is essential for Akt phosphorylation (Yang et al., , 2010 . Of the six known TRAF proteins, TRAF6 has several unique features that contribute to its diverse physiological functions. Unlike other TRAFs, which mediate signaling only from the TNF receptor superfamily, TRAF6 also participates in signal transduction from the Tolllike receptor/interleukin-1 receptor superfamily (Wu and Arron, 2003) and other receptors, including TGF-β receptors (Landstrom, 2010) . TRAF6 induces K63-linked polyubiquitination of itself and downstream signaling molecules (Wang et al., 2012) . It is unclear how the K63-linked polyubiquitination of Akt results in its recruitment to the plasma membrane and its subsequent activation. Moreover, the role of TRAF6-mediated K63-linked polyubiquitination in integrin-dependent signaling is undefined.
examined whether similar abnormalities occurred in the developing collecting system of Hoxb7Cre;Itgα3 flox/flox mice. As for the β1-null mice, we noted a decrease in Akt and p38 phosphorylation in the UB of Hoxb7Cre;Itgα3 flox/flox mice; however, FAK (unpublished data) and ERK1/2 ( Figure 2M As deleting the β1 integrin subunit in the UB resulted in markedly decreased activating phosphorylation of focal adhesion kinase (FAK), Akt, ERK1/2, and p38 MAPK (Zhang et al., 2009) , we FIGURE 1: The LM α3 chain is required for normal UB development. (A-D) Embryonic mouse kidneys (E15, E19) stained with antibody against the LM α3 or LM γ2 chain. The UB is designated by the arrows (100× magnification). (E-H) H&E-stained kidneys of WT and LM α3-null mice at E18 and postnatal day 1 (P1). Magnification is 40× (E and F) and 100× (G and H). The arrows indicate the hypoplastic dysplastic papilla with dilated CDs present in the LM α3-null relative to WT mice. (I and J) Embryonic mouse kidneys (E19) stained with Ki67 antibody (100× magnification). (K) Bar graph of the average numbers of Ki67-positive tubular cells per HPF 100× magnification field of inner medullary CDs (6 HPF, 3 mice of each genotype) with SEM, *, p < 0.05 between WT and LM α3-null.
note, deletion of α3 integrin subunit resulted in decreased expression of β1 and increased expression of α6 integrin subunits ( Figure 2M ). These data suggest that α3 is the major integrin subunit that interacts with the β1 subunit in the renal papilla and that there is compensatory expression of the integrin α6 subunit upon its deletion.
unaffected. Consistent with diminished Akt activation, there was decreased Akt-dependent phosphorylation of glycogen synthase kinase 3 beta (GSK-3β) at Ser9 ( Figure 2M ). These data suggest that integrin α3 subunit regulates a limited number of integrin β1-dependent signaling pathways in the developing kidney collecting system, specifically the Akt and p38 MAPK pathways. Of Note the mild branching defect from E15 onward and the hypoplastic papilla, which is characterized by fewer but dilated CDs in the Hoxb7:Itgα3 flox/flox mice from E18 onward (arrows). (M) Lysates of papillae (20 μg total protein/lane) from 3-d-old Itgα3 flox/flox and Hoxb7:Itgα3 flox/flox mice were analyzed by Western blotting for levels of integrin subunits α3, α6, and β1; phospho-Akt Ser473 , phospho-GSK-3β, phospho-p38, and phospho-ERK1/2. Bands of phosphorylated and total proteins as well as β-actin (loading control) were measured by densitometry. The amount of phosphorylated proteins was normalized to total protein and β-actin levels and presented as mean ±SEM from at least three animals; *, p < 0.05 between Hoxb7:Itgα3 flox/flox and Itgα3 flox/flox samples. these signaling pathways more strongly when it interacted with LM-332 than with LM-511.
The role of p38 MAPK on integrin α3β1-dependent CD cell adhesion and migration on LM-332 was investigated by inhibiting its activity with SB203580 in Itgα3 f/f CD cells. Inhibition of p38 MAPK, which was verified by decreased phosphorylation of MAPK-APK2, a specific downstream target of p38 MAPK ( Figure 4B ), resulted in a severe adhesion and migration defect (Figure 4, C and D) . These data confirmed a role of p38 MAPK for integrin α3β1-dependent adhesion to and migration on LM-332.
Akt signaling pathway is critical for integrin α3β1dependent CD cell adhesion and migration on LM-332
Because deleting the integrin α3 subunit caused increased basal Akt signaling and the inability to activate this pathway further, we defined the functional significance of Akt activation on integrin α3β1-dependent CD cell adhesion and migration on the preferred integrin α3β1 substrate LM-332. This was done by inhibiting its activity using two distinct Akt small interfering RNAs (siRNAs) or Akt inhibitor IV in Itgα3 f/f CD cells ( Figure 5 , A and B) and then defining the ability of these cells to adhere and migrate ( Figure 5 , C and D). These treatments resulted in a significant decrease in cell adhesion to and migration on LM-332 ( Figure 5 , C and D). We confirmed that adhesion of CD cells to LM-332 was dependent on Akt signaling by restoring normal basal cell adhesion by transducing the cells with an adenovirus expressing constitutively active myristoylated Akt ( Figure  5E ). Analysis of signaling pathway activation revealed that Akt inhibitor IV treatment prevented phosphorylation of Akt and its downstream target GSK-3β ( Figure 5B ).
Integrin α3β1-dependent CD cell adhesion to and migration on LM-332 requires PI3K-independent Akt activation
A key regulator of Akt activity is PI3K, which phosphorylates PIP 2 to PIP 3 to create membrane sites for the Akt pleckstrin homology domain binding that allows for Akt recruitment to the plasma membrane, where it is activated (Cantley, 2002) . To determine whether PI3K activity plays a role in integrin α3β1-dependent adhesion to and migration on LM-332, we inhibited PI3K activity by infecting the Itgα3 fl/fl cells with adenovirus carrying a catalytic subunit deletion PI3K mutant, ad-delta p85 ( Figure 6A) . Surprisingly, both cell adhesion and migration were not affected by this form of PI3K inhibition ( Figure 6 , B and C). Similar results were obtained with the selective PI3K inhibitor LY294002 ( Figure 6 , B and C). Signaling pathway analysis revealed that LY294002 prevented Akt phosphorylation at the PI3K/PDK1-dependent Thr308 site ( Figure 6D ); however, phosphorylation of Ser473, which is performed by mTORC2 and serves as an indication of full Akt activation (Cantley, 2002; Guertin and Sabatini, 2007) , was not affected ( Figure 6D ). Taken together, these data demonstrate that, in CD cells, Akt activity required for integrin α3β1-dependent adhesion to and migration on LM-332 is PI3K independent.
We next defined the mechanisms whereby integrin α3β1 regulates PI3K-independent activation of Akt in response to adhesion to LM by measuring the PIP 3 levels in Itgα3 f/f and Itgα3 −/− CD cells upon plating on LM-332. Basal levels of PIP 3 in Itgα3 −/− CD cells were significantly higher than those detected in Itgα3 f/f CD cells ( Figure 6E ). However, following plating on LM-332, Itgα3 f/f CD cells showed a dramatic increase in PIP 3 levels (∼1000-fold). In contrast, decreased levels of PIP 3 were noted in Itgα3 −/− CD cells ( Figure 6E ).
In addition to PI3K, the amount of PIP 3 in cellular membranes is regulated by PTEN (Cantley, 2002; Song et al., 2012) . We therefore determined whether PTEN is responsible for the observed differences in PIP 3 levels. Indeed, the higher basal amount of PIP 3 in Integrin α3-null CD cells have severe adhesion, migration, proliferation, and signaling defects on LM-332
To study the mechanisms whereby LM/integrin α3β1 interactions regulate collecting system development, we isolated CD cells from Itgα3 flox/flox mice (Itgα3 f/f ) and deleted the integrin α3 subunit in vitro by infecting the cells with adeno-cre (Itgα3 −/− ). As seen in the renal papilla, integrin α3 deletion led to increased integrin α6 and decreased integrin β1 expression ( Figure 3, A and B ). Interestingly, the increased α6 integrin subunit was associated with β1 and the level of integrin α6β4 was unchanged ( Figure 3C ). There was no change in expression of α1, α2, α5, or αv integrin subunits (unpublished data), suggesting that the expression levels of the collagen-and arginineglycine-aspartic acid (RGD)-binding integrins were unaffected. Thus, as in the renal papilla, α3 appears to be the principal integrin subunit that interacts with the β1 subunit in CD cells, and there is compensatory expression of the integrin α6 subunit upon its deletion.
On the basis of our in vivo studies and those of others demonstrating that Hoxb7Cre;Itgα3 flox/flox mice have similar phenotypes to LM α5-and α3-null mice (Miner and Li, 2000; Liu et al., 2009 ; Figure  1 ), we defined whether integrin α3β1 controls CD cell adhesion, migration, and proliferation by interacting with LM-511 and/or LM-332. Severe defects in all these cell functions were detected for Itgα3 −/− CD cells plated on LM-332. In contrast, the defects on LM-511, while significant, were not as severe (Figure 3 , D-G), suggesting that LM-332 is a preferred substrate for integrin α3β1. To confirm the specific role of integrin α3β1 and the α6-containing integrins on CD cell adhesion to LM-332 and LM-511, we performed adhesion assays in the presence of a blocking anti-Itgα6 antibody ( Figure 3H ). Blocking α6-containing integrins did not affect adhesion of Itgα3 f/f CD cells to LM-332 but decreased adhesion of these cells to LM-511. Adhesion of Itgα3 −/− CD cells to both LMs was decreased by the addition of anti-Itgα6 antibody ( Figure 3H ). Thus α6-containing integrins play a role in CD cell binding to LM-511 in the presence and absence of integrin α3β1; however, they only affect CD cell adhesion to LM-332 in the absence of integrin α3β1. LM-332 and LM-511 were verified as specific substrates for integrin α3β1, as no differences between Itgα3 f/f and Itgα3 −/− cells were found when these assays were performed on collagen I, fibronectin, vitronectin, or LM-111 (Supplemental Figure 2 ).
Integrin α3β1-dependent adhesion to LM-332 and LM-511 activates Akt and p38 signaling pathways in CD cells
As our in vivo data demonstrated decreased Akt and p38 activation in the Hoxb7Cre;Itgα3 flox/flox mice ( Figure 2M ), we performed in vitro replating assays to define whether the defects observed in cell function were mediated by abnormalities in integrin α3β1-LMdependent signaling. Itgα3 −/− CD cells failed to significantly increase Akt phosphorylation when plated on LM-332 or LM-511 ( Figure 4A ). A similar defect in Akt-dependent phosphorylation of GSK-3β was also seen when Itgα3 −/− CD cells were plated on LM-332 or LM-511 ( Figure 4A ). It is important to note that the basal levels of Akt and Akt-dependent GSK-3β phosphorylation were significantly higher in Itgα3 −/− than in Itgα3 f/f CD cells (an approximately twofold difference; Figure 4A ). There were also less marked but significant abnormalities in p38 signaling characterized by less-sustained activation in Itgα3 −/− CD cells plated on either LM-332 or LM-551 compared with Itgα3 f/f CD cells ( Figure 4A) . No difference in ERK1/2 activation was seen between the two CD cell populations. These results suggest that integrin α3β1 mediates LM-dependent activation of both Akt and p38 pathways; however, the effects on Akt are more profound. As with cell adhesion, migration, and proliferation (Figure 3 , D-G), integrin α3β1 induced CD cells were plated in serum-free medium on LM-332 or LM-511 (both at 1 μg/ml). Cells were lysed at 30 and 60 min after plating, and lysates were analyzed by Western blotting for levels of phosphorylated Akt Ser473 , GSK-3β, p38, and ERK1/2 (20 μg total protein/lane). Levels of phosphorylated proteins were measured by densitometry, normalized to total protein and β-actin levels, and expressed as fold change relative to cells left in suspension, "0" time point. Values are the mean ± SEM of three independent experiments; *, p ≤ 0.05 between Itgα3 f/f and Itgα3 −/− CD cells. (B-D) Itgα3 f/f CD cells were treated with dimethyl sulfoxide (DMSO; control) or the p38 inhibitor SB203580 (10 μM) for 1 h, after which the cells were trypsinized; resuspended in serum-free medium; and subjected to replating (B), adhesion (C), or migration (D) assays on LM-332 (1 μg/ml). (B) Cell signaling was evaluated by immunoblotting cell lysates for phosphorylated Akt Ser473 , GSK-3β, p38, and MAPK-APK2 (20 μg total protein/lane). β-actin served as a loading control. Adhesion (C) and migration (D) were evaluated as described in Materials and Methods. Mean measurements ± SEM of three independent experiments are shown; *, p ≤ 0.05 between Itgα3 f/f treated with DMSO and SB203580. We next defined the functional effects of down-regulating TRAF6 on integrin α3β1-dependent cell adhesion to LM-332 and found that decreased TRAF6 expression significantly decreased Itgα3 f/f CD cells adhesion to this substrate ( Figure 7F ). As this decreased adhesion was similar to that induced by the Akt inhibitor IV ( Figure 7F ), we postulated that TRAF6 might regulate cell adhesion by altering the activation state of Akt. This possibility was confirmed by the fact that introduction of a constitutively active Akt (ad-myrAkt) restored the adhesion defects caused by TRAF6 down-regulation ( Figure 7F ).
TRAF6 deficiency causes renal papilla dysplasia/hypoplasia and defects in Akt signaling
Our in vitro data suggested that integrin α3β1 regulates Akt activation by altering TRAF6 function in CD cells. We therefore investigated whether TRAF6-dependent activation of Akt regulates kidney collecting system development in vivo by analyzing the phenotype of kidneys from TRAF6-deficient (KO) mice. Previous investigation of these animals has demonstrated that TRAF6 is essential for normal bone formation (Lomaga et al., 1999) , establishment of the immune system and inflammatory response (Lomaga et al., 1999; Naito et al., 1999) , development of the central neuron system (Lomaga et al., 2000) and epidermal appendixes (Naito et al., 1999) . The kidneys of TRAF6 KO newborn mice were noticeably smaller than wildtype (WT) animals ( Figure 8, A and B) . When we examined the kidneys of TRAF6 KO newborn mice in detail, we noted a slight branching morphogenesis defect in the renal collecting system and a mildly dysplastic papilla (Figure 8 , C and D) resembling the defects observed in the Hoxb7Cre;Itgα3 flox/flox (Figure 2 , E-H) and the constitutive Itgα3-null mice (Kreidberg et al., 1996) . As deleting the α3 integrin subunit in the UB resulted in markedly decreased activation of Akt signaling ( Figure 2M) , we examined whether similar abnormalities occurred in the developing collecting system of TRAF6 KO mice. As in Hoxb7Cre;Itgα3 flox/flox mice, we noted a decrease in Akt activation of phosphorylation in the collecting system of the TRAF6 KO mice ( Figure 8E ). Consistent with decreased Akt activation, there was decreased Akt-dependent phosphorylation of GSK-3β at Ser9 ( Figure 8E ). These data suggest that TRAF6 regulates activity of the Akt signaling pathway in the developing kidney collecting system.
TRAF6 forms a complex with α3β1 integrin and Akt
Finally, we defined how α3β1 integrin and TRAF6 interact with each other to mediate K63-linked polyubiquitination of Akt. This question was addressed by immunoprecipitating integrin α3 or β1 subunits from Itgα3 f/f and Itgα3 −/− CD cells grown on uncoated cell culture plates. The immunoprecipitates were immunoblotted for integrin β1 and α3 subunits or TRAF6 (Figure 9, A and B) . The β1 integrin subunit was present in α3 immunoprecipitates from Itgα3 f/f but not Itgα3 −/− CD cells ( Figure 9A ). TRAF6 was not detected in Itgα3 immunoprecipitates from Itgα3 f/f or Itgα3 −/− CD cells ( Figure 9A ). We believe this is a result of very low immunoprecipitation efficiency. In this regard, Figure 9A shows that ∼5% of integrin α3 immunoprecipitates with the anti-Itgα3 antibody, which allows us to detect bound integrin β1. However, since TRAF6 likely binds inferiorly to integrin α3β1 via the cytoplasmic tail of integrin β1, it does not allow for TRAF6 detection. As expected, there were fewer β1 and no α3 integrin subunits in the Itgβ1 immunoprecipitates from Itgα3 −/− compared with Itgα3 f/f CD cells ( Figure 9B ). TRAF6 was immunoprecipitated from lysates of Itgα3 f/f but not Itgα3 −/− CD cells ( Figure 9B ). We next defined the integrin subunit to which TRAF6 binds by performing affinity chromatography of CD cell lysates with His-tagged β1, α3, or α5 (used as negative control) transmembrane and Itgα3 −/− CD cells ( Figure 6E ) correlated with lower basal PTEN levels ( Figure 6F ) and higher basal Akt activity ( Figure 4A ). Following plating on LM-332, PTEN levels decreased in Itgα3 f/f CD cells but increased in Itgα3 −/− CD cells ( Figure 6F ). By contrast, PIP 3 levels and Akt activity increased in Itgα3 f/f CD cells, but decreased in Itgα3 −/− CD cells ( Figures 6E and 4A) . These data suggest that integrin α3β1 regulates PIP 3 levels and, in turn, Akt activation by regulating PTEN levels.
There are two signaling events in the canonical pathway of Akt activation that precede and follow the membrane-anchoring step: Src-dependent Akt phosphorylation preconditions Akt for membrane binding, and PDK1-mediated phosphorylation activates membrane-bound Akt (Cantley, 2002; Jiang and Qiu, 2003; Bayascas, 2008) . No differences in Src or PDK1 activation were noted between Itgα3 f/f and Itgα3 −/− CD cells plated on LM-332 ( Figure 6F ), suggesting that these kinases were not responsible for the differences in Akt activation between the two cell populations. As Src and PDK1 activities are regulated by PI3K, these data further confirm that integrin α3β1 regulates Akt activity via a PI3K-independent mechanism(s).
Integrin α3β1-dependent K63-linked polyubiquitination of Akt is mediated by TRAF6 K63-linked polyubiquitination of Akt is also an essential step in Akt activation (Yang et al., , 2010 . While the mechanism is unclear, it has been postulated that K63-linked polyubiquitination increases Akt binding to PI(3,4,5)P3 on the membrane or creates docking sites for Akt to interact with other signaling proteins (Wang et al., 2012) . We therefore checked for differences in K63-linked polyubiquitination between Itgα3 f/f and Itgα3 −/− CD cells plated on LM-332 by immunoblotting for K63-linked polyubiquitination of Akt immunoprecipitates ( Figure 7A ). K63-linked polyubiquitination of Akt increased over time when Itgα3 f/f CD cells were plated on LM-332, while no significant change was noted in the Itgα3 −/− CD cells ( Figure  7A ). Of note, the basal level of Akt K63-linked polyubiquitination was significantly higher in Itgα3 −/− than in Itgα3 f/f CD cells (an approximately twofold difference; Figure 7A ). To verify the specificity of the Akt K63-linked polyubiquitination, we measured Akt K48linked polyubiquitination in Itgα3 f/f and Itgα3 −/− CD cells and found that this was unaffected by adhesion to LM-332 ( Figure 7B ). Thus integrin α3β1-dependent CD cell adhesion to LM specifically increases K63-linked polyubiquitination of Akt.
TRAF6 was recently identified as a unique E3 ligase for Akt that is responsible for K63-linked Akt polyubiquitination, which facilitates Akt membrane recruitment and subsequent Akt phosphorylation and activation Wang et al., 2012) . We therefore determined whether the ubiquitination activity of TRAF6 was altered by integrin α3β1-dependent adhesion to LM-332 by measuring TRAF6 K63-linked autopolyubiquitination (Lamothe et al., 2007) . This was indeed the case, as K63-linked polyubiquitination of TRAF6 increased significantly when Itgα3 f/f CD cells adhered to LM-332, while no increase above basal levels was seen in Itgα3 −/− CD cells ( Figure 7C ). Of note, the basal level of TRAF6 K63-linked polyubiquitination was significantly higher in Itgα3 −/− than in Itgα3 f/f CD cells (an approximately twofold difference; Figure 7C ), which would explain the increased basal Akt ubiquitination and activation observed in Itgα3 −/− CD cells (see Figure 4A for details).
The functional significance of TRAF6 activity for integrin α3β1dependent Akt activation was then defined by down-regulating its expression in Itgα3 f/f CD cells using an siRNA approach ( Figure 7D) . Reduced TRAF6 expression resulted in a severe defect in Akt phosphorylation ( Figure 7D ) and decreased K63-linked polyubiquitination of Akt when Itgα3 f/f CD cells were plated on LM-332 ( Figure 7E ).
FIGURE 6:
Integrin α3β1-dependent CD cell adhesion to and migration on LM-332 requires PI3K-independent Akt activation. (A-D) Itgα3 f/f CD cells were infected with ad-GFP or ad-delta p85 (100 plaque-forming units/cell for 24 h) (A); or treated with DMSO (control) or the PI3K inhibitor LY294002 (25 μM for 1 h). Cells were subjected to adhesion (B), migration (C), or the replating assay on LM-332 (1 μg/ml) for evaluation of phospho-Akt Thr308 , phospho-Akt Ser473 , and phospho-GSK-3β. β-actin served as a loading control. Western blot of cellular lysates shows that infection with ad-delta observations that the UB of constitutive integrin α3-null kidneys at E15 was indistinguishable from WT mice and that a difference was seen only at E18, when the null kidneys demonstrated a failure of papillary outgrowth (Kreidberg et al., 1996; Liu et al., 2009 ). These discrepancies could be due to differences in mouse backgrounds or because the Hoxb7Cre and integrin α3 flox/flox mice were generated using different strategies.
Deleting the α3 integrin subunit in the UB in vivo and in CD cells resulted in decreased expression of the β1 and increased expression of the α6 integrin subunits, suggesting that α3 is the major integrin subunit that interacts with the β1 subunit in the renal papilla and there is compensatory expression of the integrin α6 subunit upon its deletion. The increased α6 expression might explain the mild phenotypic defects observed when the integrin α3 subunit is deleted from the UB (Kreidberg et al., 1996; Liu et al., 2009 ) and why it is significantly less severe than that seen when kidneys or isolated UBs are grown in the presence of α3-blocking antibodies (Zent et al., 2001) . This possibility is further supported by our in vitro data showing that α6β1 integrin contributes to increased CD cell binding to LM-332 and LM-511, especially in the absence of integrin α3β1 expression. Although it is not proven, we speculate that the α6β1 compensation occurs through a distinct TRAF6-independent mechanism.
We show that LM-332 is the preferred LM for CD cell adhesion, migration, proliferation, and adhesion-dependent cell signaling. These data are consistent with findings demonstrating a role for LM-332 in regulating proliferation and cyst formation of cells isolated from a patient with autosomal polycystic kidney disease (Joly et al., 2003) and adhesion and migration of Madin-Darby canine kidney cells (Mak et al., 2006; Moyano et al., 2010; Greciano et al., 2012) . These in vitro data also support the idea that LM-332 is a preferred ligand for integrin α3β1 signaling in renal tubule development, maintenance, and recovery from injury (Joly et al., 2003 (Joly et al., , 2006 .
We report that integrin α3β1 primarily regulates Akt and p38 signaling, as activation of these two pathways was diminished in the developing UB of Hoxb7Cre;Itg α3 flox/flox mice and when Itgα3 −/− CD cells were plated on LM-332 and LM-511. These data contrast with the Hoxb7Cre;Itgβ1 flox/flox mice and Itgβ1 −/− CD cells, where phosphorylation of FAK and ERK1/2, as well as of Akt and p38, was severely affected (Zhang et al., 2009) . Our results suggest that integrins other than α3β1 play additional roles in UB development and that specific β1-containing integrins regulate the precision of signaling in the kidney collecting system.
We show that integrin α3β1-LM-332 interactions induce Akt activation by mechanisms that are independent of PI3K, Src, and PDK1, but dependent on PTEN and K63 polyubiquitination ( Figure  10 ). Our data suggest that PTEN is responsible for the low basal levels of PIP 3 and Akt activity in Itgα3 f/f cells, which dramatically increase upon integrin α3β1 binding to LM-332, while we observe opposite effects in Itgα3 −/− CD cells under the same conditions. These results are consistent with previous studies demonstrating cytoplasmic tail peptides. Interestingly, TRAF6 and kindlin 2 (which is known to bind specifically to β1 integrin) bound to integrin β1 but not to α3 or α5 cytoplasmic tails ( Figure 9C ). Together these data suggest that TRAF6 binds to the cytoplasmic tail of the β1 integrin subunit, and this interaction requires the presence of the α3 integrin subunit in cells expressing intact β1 integrin.
We next defined whether TRAF6 associates with Akt and whether this association is regulated by integrin α3β1 interactions with LM. When CD cells were plated on LM-332, more Akt coimmunoprecipitated with TRAF6 in a time-dependent manner in Itgα3 f/f compared with Itgα3 −/− cells. These data suggest that that TRAF6 and Akt form a complex following integrin α3β1-dependent adhesion ( Figure 9D ).
DISCUSSION
Integrin α3β1 plays an important role in UB development in vivo due to its interactions with α5-containing LMs, and in vitro studies suggested these effects are mediated by its ability to regulate PI3K/ Akt-dependent Wnt signaling (Liu et al., 2009) . In this study, we show that α3-containing LMs, in addition to the α5 LMs, play a crucial part in UB development and that integrin α3β1 regulates both Akt and p38 activation in the UB in vivo. We also demonstrate that LM-332 is the preferred ligand for mediating integrin α3β1-dependent CD cell functions and signaling. Finally, and most importantly, we establish that the integrin β1 cytoplasmic tail interacts with TRAF6, which is an E3 ligase for K63-linked polyubiquitination, and this interaction regulates integrin α3β1-dependent Akt activation and cell functions. Thus these studies define a novel functionally important LM-integrin α3β1 interaction in UB development and identify K63-linked polyubiquitination as a critical new mechanism whereby integrins modulate cell signaling.
We previously demonstrated that LM-332 is expressed during initial UB formation and that it plays a significant role in in vitro cell and organ culture models of UB development (Zent et al., 2001) . Consistent with these findings, we demonstrate in this study that the α3 and γ2 LM chains are expressed during UB development and that deleting the α3 LM chain results in a severe renal development abnormality in outbred mice (with 40% of mice not developing one kidney) and a mild to moderate branching defect in pure C57/Bl6 mice. Interestingly, no phenotype was observed in the developing UB of the LM γ2-null mice (unpublished data), suggesting functional redundancy of the α3 LMs in UB development. The mild to moderate phenotype in LM α3-null mice is similar to that seen in LM α5null mice (Liu et al., 2009) and much less severe than when the LM γ1 chain was selectively deleted in the developing UB (Yang et al., 2011) . Our finding that LM α3 plays a role in UB development might explain the less severe than expected phenotype in the LM γ1-null mice, as LM-332 could be compensating for the LM γ1 deletion (Yang et al., 2011) .
When we deleted the integrin α3 subunit in the UB, we observed a mild to moderate branching morphogenesis defect at E15 that persisted into adulthood. These results differ slightly from previous p85 resulted in marked decrease in phospho-Akt Thr308 (D). Adhesion and migration were evaluated as described in Materials and Methods. Mean measurements ± SEM of three independent experiments are shown. (E and F) Itgα3 f/f and Itgα3 −/− CD cells were plated on LM-332 (1 μg/ml) as described in Figure 4A . PIP 3 levels were detected using the PIP 3 Mass ELISA Kit as described in Materials and Methods. Mean measurements ± SEM of three independent experiments are shown; *, p ≤ 0.05 between Itgα3 f/f and Itgα3 −/− CD cells (E). Cell lysates (20 μg total protein/lane) were analyzed by Western blotting for levels of total PTEN and phosphorylated and total Src and PDK1 (20 μg total protein/lane) (F). Levels of phosphorylated and total proteins were evaluated as described in Figure 4A . Values are the means ± SEM of three independent experiments; *, p ≤ 0.05 between Itgα3 f/f and Itgα3 −/− CD cells. (A-C) Itgα3 f/f and Itgα3 −/− CD cells were plated on LM-332 (1 μg/ml) as described in Figure 4A . Cell lysates (100 μg total protein) were immunoprecipitated with anti-Akt antibodies and immunoblotted for K63-linked ubiquitination and Akt (A) or K48-linked ubiquitination and Akt (B). Cell lysates (100 μg total protein) were immunoprecipitated with antibodies to TRAF6 and immunoblotted for K63 ubiquitination or TRAF6 (C). Levels of ubiquitinated proteins were measured by densitometry, normalized to total protein, and expressed as fold change relative to cells left in suspension (0 time point). A representative of three experiments with quantification at the bottom is shown. (D and E) Itgα3 f/f CD cells were transfected with nonsilencing or TRAF6 siRNA (20 nM for 48 h) and subjected to the replating assay on LM-332 (1 μg/ml). Cell lysates (40 μg total protein/lane) were immunoblotted for TRAF6, phospho-Akt Ser473 , and Akt (D). Levels of phosphorylated and total proteins were evaluated as described in Figure 4A . Values are the means ± SEM of three independent experiments; *, p ≤ 0.05 between cells transfected with nonsilencing and TRAF6 siRNA. The same cell lysates (200 μg total protein) were immunoprecipitated with antibodies to Akt and immunoblotted for K63-linked Akt translocation to the membrane and is essential for Akt activating phosphorylation following growth factor and cytokine stimulation (Yang et al., , 2010 . We also show that TRAF6 regulates integrin α3β1-dependent signaling. TRAF6 E3 ligase activity was increased upon integrin α3β1-dependent adhesion to LM and it was required for Akt activating phosphorylation and cell adhesion to LM. These data are consistent with evidence that TRAF6 K63-linked autopolyubiquitination is the regulatory mechanism for TRAF6 activation and that TRAF6-dependent K63-linked polyubiquitination is a that the collagen-binding β1 integrins can regulate PTEN expression in fibroblasts (Xia et al., 2008; Nho and Kahm, 2010) , which suggests that this might be a generalized mechanism whereby β1 integrin regulates Akt activation. It is yet to be determined how integrin α3β1 regulates PTEN in CD cells.
We demonstrate that K63-linked polyubiquitination is a novel mechanism whereby integrin α3β1-LM-332 interactions induce Akt activation ( Figure 10) . These results are consistent with the observations that TRAF6-dependent K63-linked polyubiquitination assists in FIGURE 8: TRAF6 KO mice have defective UB development and decreased activation of Akt signaling. (A-D) H&E stained kidneys of newborn (P1), WT mice (TRAF6 WT), and TRAF6-deficient mice (TRAF6 KO). Magnification 40× (A and B) and 100× (C and D). Note the mild branching defect and hypoplastic papilla in the TRAF6 KO mice (arrows). (E) Lysates of papillae from newborn WT and TRAF6 KO mice (20 μg total protein) were analyzed by Western blotting for levels of TRAF6, phospho-Akt Ser473 , and phospho-GSK-3β. β-actin was used as a loading control. The amount of phosphorylated proteins was evaluated as in Figure 2 . *, p ≤ 0.05 between WT and TRAF6 KO mice. polyubiquitination or Akt (E). Changes in protein ubiquitination were evaluated as described in A. A representative of three experiments with quantification at the bottom is shown. (F) Itgα3 f/f CD cells were transfected with nonsilencing or TRAF6 siRNA (20 nM for 48 h), or treated with Akt inhibitor IV (5 μM for 1 h), and/or transduced with ad-myrAkt (100 plaque-forming units/cell for 24 h) and subjected to adhesion assay. Adhesion was evaluated as described in Materials and Methods. Mean measurements ± SEM of three independent experiments are shown; *, p ≤ 0.05 between cells transfected with nonsilencing and TRAF6 siRNA or treated with the Akt inhibitor IV. not bound to LM. After the cells adhere to LM, TRAF6 is activated in an integrin-dependent manner by mechanisms that are yet to be determined.
In conclusion, this study demonstrates that integrin α3β1 interactions with both α3-and α5-containing LMs regulate UB development by functionally modulating the Akt signaling pathway. In addition, we show that K63-linked polyubiquitination plays a previously unrecognized role in integrin α3β1-dependent cell signaling required for UB development and that this may be a novel general mechanism whereby integrins regulate signaling pathways.
MATERIALS AND METHODS

Reagents, adenovirus vectors, siRNAs, and antibodies
Human laminin 332 (LM-332) was produced, purified, and evaluated as previously described (Tripathi et al., 2008) . LM-111 was produced as previously described (McKee et al., 2007 (McKee et al., , 2009 . Collagen I was purchased from BD Biosciences (San Jose, CA); fibronectin and vitronectin were purchased from Sigma-Aldrich (St. Louis, MO). Akt inhibitor IV, PI3K inhibitor LY294002, and p38 inhibitor SB203580 were purchased from Calbiochem (San Diego, CA).
LM-511 was produced as a heterotrimer of mouse LM α5, hemagglutinin (HA)-tagged human LM β1, and human LM γ1, as key requirement for Akt activation downstream of other receptors such as the TNFα receptor (Chen, 2012) . Our in vivo data from TRAF6 KO mice confirm that the regulatory role of TRAF6 for Akt activity in the renal collecting system is associated with developmental abnormalities. Thus it is plausible that our in vitro mechanism delineating that α3β1 integrin controls TRAF6-dependent K63-linked polyubiquitination of Akt (Figure 10 ) explains the phenotype of the Hoxb7Cre;Itgα3 flox/flox mice.
Finally, we found that TRAF6 is present in integrin β1 immunoprecipitates from Itgα3 f/f but not Itgα3 −/− CD cells and that this interaction is independent of integrin α3β1 binding to ligand. Affinity chromatography with free integrin tails showed that TRAF6 binds only to the integrin β1 but not the α3 cytoplasmic tail. These data suggest that, although the TRAF6/α3β1 integrin complex forms through an interaction of TRAF6 and the β1 integrin subunit in CD cells, the α3 integrin subunit is required. These data may explain the interesting observation that there were increased basal levels of Akt activating phosphorylation, Akt K63-linked polyubiquitination, and TRAF6 K63-linked polyubiquitination in Itgα3 −/− compared with Itgα3 f/f CD cells. We speculate that, in Itgα3 −/− CD cells, integrin α3β1 does not interact with TRAF6 and therefore cannot alter its activity. By contrast, in cells expressing the α3 integrin subunit, integrin α3β1 acts as a repressor of TRAF6 activity when the integrin is Immunoprecipitates were subjected to Western blot analysis with antibodies to TRAF6 or α3 or β1 integrin subunits. Input was 20 μg total protein lysates (2%). (C) Ni-NTA magnetic agarose beads (control), α3-TM-Cyto domains, α5-TM-Cyto domains, or β1-TM-Cyto domains bound to Ni-NTA magnetic agarose beads were incubated with Itgα3 f/f cell lysates and then immunoblotted with antibodies to TRAF6, kindlin 2, or His. (D) Itgα3 f/f and Itgα3 −/− CD cells were trypsinized and replated on LM-332 (1 μg/ml) as described in Figure 4A . Cell lysates (200 μg total protein) were immunoprecipitated with antibodies to TRAF6 and immunoblotted for Akt or TRAF6. Levels of Akt and TRAF6 were measured by densitometry, normalized to TRAF6 levels, and expressed as fold change relative to cells left in suspension (0 time point). Values shown are representative of three experiments.
The following antibodies were used in Western immunoblot analyses: integrin α3 (AB1920 [Millipore, Temecula, CA] and AF2787 [R&D Systems]); integrin β1 (AB1952; Millipore); integrin β4 (AF4054; R&D Systems); integrin α6 (3750), phospho-Akt Thr308 (9275), phospho-Akt Ser473 (9271), total Akt (9272), phospho-GSK-3β Ser9 (9322), total GSK-3β (9315), phospho-p38 Thr180/Tyr182 (9211), total p38 (9212), phospho-ERK1/2 Thr202/Tyr204 (9101), total ERK1/2 (9102), phospho-PDK1 Ser241 (3438) and total PDK1 (5662), phospho-Src Tyr416 family (2101), total Src (2108), PTEN (9552), K48-linkage specific polyubiquitin (8081), and K63-linkage specific polyubiquitin (5621) (all from Cell Signaling Technologies); TRAF6 (ab94720; Abcam, Cambridge, MA); kindlin 2 (MAB2617; Millipore); and His (620-0203; Bio-Rad). Antibodies for TRAF6 (H-274; Santa Cruz Biotechnology), Akt (4685; Cell Signaling), integrin β1 (MAB1997; Millipore), integrin α3 (AF2787; R&D Systems), and integrin α6 (H-87; Santa Cruz Biotechnology) were used for immunoprecipitation. Antibody to β-actin (A4700, Sigma-Aldrich) was used to evaluate protein loading. Antimouse β1 (550530), α1 (555001), α2 (553819), α5 (553350), α6 (555734), and αv (550024) integrin antibodies were purchased from BD Biosciences. R-phycoerythrin-conjugated secondary antibodies were purchased from Invitrogen (Carlsbad, CA). Antibodies to integrin α6 (555734; BD Biosciences) were used in adhesion assays.
Laminin subunits α3 and γ2 global knockout mice
All animal experiments were approved by the Vanderbilt University Institutional Animal Use and Care Committee. LM α3 global knockout mice were kindly provided by W. Carter (University of Washington; Ryan et al., 1999) . LM γ2 knockout mice were a gift from J. Uitto (Thomas Jefferson University; Meng et al., 2003) .
TRAF6-deficient mice
Generation of the global TRAF6 KO mice on 129SV background was previously described (Naito et al., 1999) . The genotyping was verified by PCR amplification of the genomic DNA with the previously described (McKee et al., 2007) . The complete mouse LM α5 cDNA in an LZ10 plasmid (kindly provided by Jeffrey Miner, Washington University, St. Louis, MO) was excised with EcoR1 and ligated into the expression vector pcDNA3.1 puro. HEK293 cells stably expressing the human β1 LM subunit containing an N-terminal HA tag and the γ1 LM subunit (McKee et al., 2007 (McKee et al., , 2009 were transfected with the LM α5 construct. Stable clones secreting the LM into media were selected and expanded. Recombinant LM-511 protein was purified by affinity chromatography from conditioned medium of HEK293 cells on an HA matrix (E6779; Sigma-Aldrich) and eluted per manufacturer's conditions with 0.1 M glycine (pH 2.8). Protein was concentrated in Amicon ultra 15 filters (100K mwco, ufc900024; Millipore, Billerica, MA) and dialyzed in 50 mM Tris (pH 7.4), 90 mM NaCl, and 0.125 mM EDTA. The homogeneity of purified LM-511 was confirmed by Coomassie blue staining of SDS-PAGE (Supplemental Figure 1A) . The correct folding of LM-511was confirmed by a polymerization assay (Supplemental Figure 1B ; McKee et al., 2007) , and LM-511activity was assessed by binding with recombinant α7β1 and α6β1 integrins (Supplemental Figure  1C ; McKee et al., 2012) .
Adenoviruses with vectors encoding GFP, ad-GFP, the dominantnegative catalytic subunit deletion mutant PI3K, ad-delta p85, and constitutively active myristoylated Akt (ad-myrAkt) were propagated in HEK293 cells, purified by column chromatography, quantitated, and used for cell infection based on particle yield as previously described (Tan et al., 2006) .
SignalSilence Akt siRNA I (sequence [5′-3′] UGCCCUUCUA-CAACCAGGA) and SignalSilence Akt1 siRNA I (mouse-specific, sequence [5′-3′] GCUCAAGAAGGACCCUACA) were purchased from Cell Signaling Technology (Danvers, MA). Silencer Select predesigned TRAF6 siRNAs (sequences [5′-3′] CAUUAAGGAUGA-UACAUUAtt and AGAAAAGAGUUGUAGUUUUtt) and Silencer Select Negative control #1 siRNA were bought from Ambion (Carlsbad, CA). Integrin α3β1 interactions with LM induce the formation of a TRAF6/α3β1 integrin complex through binding of TRAF6 to the cytoplasmic tail of β1 integrin subunit. This complex is required for TRAF6 activation and triggers K63-linked polyubiquitination of Akt, which facilitates Akt translocation to the cellular membrane. Integrin α3β1 interactions with LM also induce PTEN inactivation that results in an increase of PIP 3 and Akt anchoring to the membrane, where it is phosphorylated and fully activated.
Cell adhesion
Cell adhesion assays were performed in 96-well plates as previously described (Chen et al., 2004) . Cells (1 × 10 5 ) were seeded in serumfree medium onto plates containing different concentrations of ECM for 60 min. Nonadherent cells were removed; the remaining cells were fixed, stained with crystal violet, and solubilized; and the optical densities of the cell lysates were read at 570 nm (OD 570 ). Adhesion was calculated as percent of positive control (adhesion to serum).
Cell migration
Cell migration was assayed as previously described (Chen et al., 2004) . Transwells with 8-μm pores were coated with different ECM components, and 1 × 10 5 cells were added to the upper well in serum-free medium. Cells that migrated through the filter after 4 h were counted.
Cell proliferation
Cell proliferation was assessed by measuring incorporation of 5-bromodeoxyuridine (BrdU) in an enzyme-linked immunosorbent assaybased 5-Bromo-2′-deoxy-uridine Labeling and Detection Kit III (Roche Applied Science, Indianapolis, IN) as previously described (Linkous et al., 2010) . BrdU incorporation was quantified by a change of absorbance (OD) at 405 nm.
Cell replating assays
Cell replating assays were performed on CD cells that were trypsinized, washed, suspended in serum-free DMEM, plated on LM-332 or LM-511 (1 μg/ml), and harvested 0, 30, and 60 min later. Cells were washed in PBS and lysed using M-PER reagent with protease and phosphatase inhibitor cocktails (Sigma-Aldrich). Protein extracts (20-40 μg) were subjected to Western immunoblot analysis.
When chemical inhibitors were used, they were added 1 h before the assays. Adenoviral infection of cells was performed at 10-100 plaque-forming units/cell as previously described (Tan et al., 2006) , and the assays were performed 24 h later. For silencing experiments, cells were transfected with nonsilencing siRNA (20 nM, transfection control) or Akt siRNA (100 nM) or TRAF6 siRNA (20 nM) using Lipofectamine RNAiMAX according to the manufacturer's instructions. Transfected cells were used 48 h later.
Evaluation of PIP 3 levels
CD cells were subjected to the replating assay using 150-mm cell culture plates coated with LM-332 (1 mg/ml) and were harvested at 0, 30, and 60 min after plating. Lipids were extracted using a modified Bligh and Dyer method as previously described (Yazlovitskaya et al., 2008) . PIP 3 levels were detected using the PIP 3 Mass ELISA Kit (Echelon, Salt Lake City, UT) according to the manufacturer's instructions.
Immunoprecipitation
For immunoprecipitation, antibody or corresponding normal immunoglobulin G (IgG) were covalently bound to protein A/G Sepharose (Thermo Scientific) as previously described (Persons et al., 1999) . Immunoprecipitations were performed with 0.1 mg (for integrin α6), 0.2 mg (for Akt and TRAF6), or 1.0 mg (for integrins α3 or β1) of total cell lysates overnight at 4ºC with rotating, after which the bound immune complexes were washed, resuspended in SDS-PAGE sample buffer, heated at 95°C for 10 min, cleared by centrifugation, and subjected to Western immunoblot analysis. For immunoprecipitation of integrins α3 or β1, cells were grown on uncoated cell culture surfaces where integrin α3β1 is not ligated by ligand.
following primers: forward primer, 5′-CGTGCCATGTAATGCA-TTCTG-3′; reverse primer, 5′-CGAGATGTCTCAGTTCCATC-3′; and reverse mutant primer to amplify the TRAF6 gene deleted sequence, 5′-CACTCAGCACCATTTCCTAACCT-3′. Mice were bred as heterozygotes, and age-matched WT and TRAF6 KO littermates were used in experiments.
Generation of HoxB7Cre:Itgα3 flox/flox mice
Integrin α3 flox/flox (Itgα3 flox/flox ) mice (Sachs et al., 2006) , were crossed with the HoxB7Cre mice (generous gift of A. McMahon, University of Southern California; Kobayashi et al., 2005) . Age-matched littermates homozygous for the integrin Itgα3 flox/flox gene, but lacking Cre (Itgα3 flox/flox mice), were used as controls. The expression of integrin α3 and activation of signaling pathways in the developing mouse CDs was determined using Western immunoblot analysis.
Western blot analysis
Papillae from individual 3-d-old pups were isolated and lysed using a Polytron homogenizer in T-PER reagent (Thermo Scientific, Waltham, MA) with protease inhibitors and phosphatase inhibitors cocktail 1 and 2 (Sigma-Aldrich). Cell lysates were prepared using M-PER reagent (Thermo Scientific). Lysates were centrifuged at 17,000 × g for 15 min at 4ºC, and total protein concentration was determined using BCA reagent (Thermo Scientific). Protein extracts were subjected to Western immunoblot analysis and developed using the Western Lightning Chemiluminescence Plus detection system (Perkin Elmer-Cetus, Wellesley, MA) according to the manufacturer's protocol. Densitometry was performed using the ImageJ program. For quantification of levels of protein phosphorylation, OD of bands for phosphoprotein was normalized to total protein and β-actin.
Morphological and immunohistochemical analysis
Whole mouse embryos or kidneys were removed, fixed, stained with hematoxylin and eosin (H&E) and evaluated by light microscopy as previously described (Mathew et al., 2012) . For analysis of LM-332 expression, tissue sections were treated with antigen-retrieval citra buffer for 10 min, blocked with 5% normal goat serum in phosphate-buffered saline (PBS) for 1 h at room temperature, and incubated with primary rabbit anti-rat LMγ2 antibody (Giannelli et al., 1999) . After incubation with biotinylated anti-rabbit antibody for 1 h at room temperature, LM332 was visualized using ABC reagent (a preformed avidin/biotinylated enzyme complex that was developed with 3,3'-diaminobenzidine horseradish peroxidase substrate). Slides were counterstained with hematoxylin. Similarly, tissue sections were probed with rabbit anti-rat LMα3 antibody (M3.3). Ki67 staining and scoring was performed as previously described (Mathew et al., 2012) .
Generation of integrin α3 −/− CD cells
CD cells were isolated from 5-to 6-wk-old Itgα3 flox/flox mice as described by Husted et al. (1988) and immortalized with pSV40 plasmid. Loci for the α3 integrin subunit in CD cells were deleted with adenovirus expressing Cre recombinase. CD cells were grown in DMEM/F12 containing 10% fetal bovine serum and 1% penicillin/ streptomycin.
Flow cytometry analysis
Flow cytometry analysis was performed as previously described (Zhang et al., 2009) . CD cells were incubated with anti-mouse β1, β4, α1, α2, α6, and αv integrin antibodies followed by fluorescein isothiocyanate-conjugated secondary antibodies.
